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LASER INDUCED lWROLYSIS TECHNIQUES*

NICHOMS E. VANDERSORGN

Los Alamos Scientific Laboratory, Iaa Alamos, NM 87545, USA

Since the commercializationof the laaer slightly more than 15 yeara

ago, this technology has been applied to many tae’kain chemistry. The ma-

jority of these utilize the unique monochromicity of laser radiation. w

ehall not consider these photochemical studies. Rather we look to the

utilization of a laser as a unique tool to rapidly and precisely dcpoait

known amounts of energy into material causing a unique pyrolysis process.

bwser pyrolysis gas chromatographywas firat reported in the early

part of this decade [1-4]. Our initial atudiea [5], like those of others

[6,71, were to characterize polymeric matevial. Initial resuits showed”

that a variety of polymers including those of high thermal stabilitywere

readily degraded by a laser beam. Concurrt.i with these studies were a

number of activities designed to determine the nature of laser interactions

with matter. For instance, laser induced pyrolysis, conducted within the

high vacuum chamber of a mass [8.9] spectrometer,investigated plume ve-

locities. Other workers were tempted to explore the possibilitiesof khem-

ical synthesis u~,inghigh power densities emanating from a laser. Several

wrkera poin’ u out, for example, that direct transCnnnationuf coal into

valuable hydrocarbons might be possible [11)].Consequently,papers have

appcnrerlcon~crning lase: deposition into coal-s[11-13]. In addition laaem

have al~o been extensively used for welding and cutting operations, h-

othcr area, using extremely high power pulsed laser deposition to initiate

n~lclearreactione is alao being actively explored.

All of these disciplines have contributed to our understandingof the

Interact’lonof Iaacr energy with mstter [14]. Laser bcums arc unusual in

“spcclralpurity, i.e., narrow band width. Also important, !.sthe fact that

the radiation is aeaentially unidirectional,i.e., a small degree of beam

divergence occurs. Thus ll~ht propagates in a aing~e direction. This fact

suggests that high power risnsitiesarc possible even for modest devices for

the light can be aimed and focused into rA sampling location. Equally im-

portant lo the fact that the energy c!cl!.veredfrom pulsed la~ers arrives

In short t.imcs,i.e., narrow pulse length. Thuo heatinw can bc done rapidly

with very short thermaL rise times, Conaider nw how

utilized in lnser pyrolysis.

*
Work done under the auspices of Unitei States Energy
Development Admlnistrutiun.
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1’ THE LASER PYROLYSIS EVENT
,.

AEI❑entioned previously, considerable.work has been report:d on laser

intcractionawith matter [15]. It would ba incorrect, however, to indicate

that these processes, especially with high power devlcea, are well under-

stood. Clearly the usual models for spectrochemical excitation are only

important during initial.absorption, for laaer depoaitlon typically reaulta

In ionization; following that process, absorption by unbound electrons ap-

pears tn be a primary mechaniam.

This can be representedschematically in Figure 1. A normal burst

laaer, either ruby or Nd-glasa (others could be used) ia focused and depos-

ited into a sample The pulse width of such a device ia approximately 0.001

aec and frequentlyenergies of about 5 joule/pulse are utilized. Should

this energy be focused to a apot diameter of 0.1 cm, the power deposition

from that event la (i.4xlG>vatt/cm2. Q-switched modes lead to p~wera orders

of magnitude greeter although total energy may be lover. Power dcnaitiea

of this msgnitudc result, in part, from the narrow pulse width,. This ia

reflected irIa rapid thermal rise time.

Inii:iallya fractionof the energy is abaorbed in the sample material.

This nbaorption occurs with high probability at the focal point on the sam-

ple. There are several well established mechani.amsfor this process; prob-

ably the beat dcacribed oi t.heatis multi-photon absorption [15]. Data

suggest that many classes of compounds which normally show
———. ..—————
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Fig. 1. Repreacntation[f Laser Induced Pyrolyeis.
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‘ Absorptionat either 694.3 or 1060 nm, readily abaorb ruby and Nd radia-

: tion [16]. Through these absorption proceaees, part of the sample la pumped

into a plastrMconsisting of highly energetic ions, radicals of unusual sta-

bility and electrons. This plume growe, during the duration of the event,

I:into the direction of the laser beam. Velocities of plume growth in vacuum

are found near 105 cm/sec [17]. Data shm clearly that the absorptivity of

light by the plasma la far ❑ore probable than in the sample [18]. Thus,

~~during the course of the event, the more energetic fragmenta nove into the

beam at the fastest rate absorbing even more energy. The majority of these

energetic fragments appear to be electrons; laser energy is converced into

: ●lectron thermal energy. High pressures resulting from thie absorption

1 drive a sh~ck wave into the sampla- Electron thermal conductivity is mark-

,, edly temperaturedependent (aTe5’2) [18]; rapid heat flow is maintained .

while the temperature is high and it may be expected that a sharply defined

: nearly isothermal region reeulta. The temperatureof such a high tempera-

ture plasma is difficult to estimate; however temperature, as measured by

velocities of atomic fragments, is in excess of 105 K [191. Modelling this

type of process would involve a difficult problem of kinetics and heat

transfer. Carbon spectroscopyon the plume shows that molecular fragment .

concentrationspeak following the termination of the pulse. However the.

entire event is almost as rapid as the pulse width, near 0.001 sec. The

thermal fall time is approximately the sa~ ae the rise time.

It la of interest to consider how energy leaves the system during the

rapid quench tollowinstpulse termination. Certainly radiation {H mm qurh

mechanism. In this caee deceleration of electrons la probably an important

factor. Collision with cold gas molecules, such tm the carrier Bus in the

inlet port of the GC, 1s also important. Likewise, wall colliaiona with

the containment quartz tube contribute to energy lees in this rapid quench-

ing procc~s.

LASER PYROLYSIS GAS CHROMA1’0CR4PHY

In laser pyrolymis-gas chromatographyone follows the appearnncc of

products after degradation @f the sample. Part of the product distribution

comes from the quenching of this high temperatureplasma. Other producte

reeult from thermal shock into the a~mpla. Figure 2 shows results obtained

for phcnanthrenc. The initial Intense peak IB a mixture of low molecular

weight gnscs- the plasma-quenchedproducts. Following are a series of high-

●r ❑olecular weight compounds. Thcae, typically, are in far lesser amounts

than the first group. Shown here arc benzene, naphthalenc, two different



‘nubs~itutednapthalenes, the ❑ethyl and dimcthyl and, in peak 6, the parent

apeci.ea. Fragmentationduring this process seems to yield quite simple and

predictable patterns. When one ignores the plasma-quenchedensemble, the

distributionsare not unlike those found in mass spectromctry.

Pyrolysis gas chromatographyhas clearly shown the effects of heating

rates on product distributions. This 1s especially true when dealing with

Conplex organic molecules for different pyrolytic mechanisms may predominate

in different temperatureregimes. One is struck “Jythe few products evi-

dent [7] in laser-inducedpyrolysis compared to the large number found using

filament type pryolyzers. This most probably results from the fact that

this “pyrolysis” is mst probably primarily a shock phenomenon. These high-

er molecular weight fragments, the ensemble from the thermal blow off, are

a simple and predictablegroup of products.

There have been several reports on the reproducibilityof laser-induced

pyrolysis. Data are shown in Table 1. These data [20? were obtained using

a thin section of a polymeric material. The laser beam waa used co drill

a hole through the material. .iecan be seen, for the four peaks detected,

reproducibility appr~aches the stated accuracy of the integratorused for

theee studies. Thie conclusion has not been always reached, however [20].

Reproducibilityof thie method depende upon a number of factors including

t ontical svstem. It deDends uoon the ~ulse ener~v and how that energy

0 4, 8
Fig. 2. Lacer Pyrogram of Phenanthre.ne.

12
Products Separnted on Aplezrm N.

Peak Identification: A= methane, ethylene, acetylene (main),
butadiycne, B= benzene, C- napthalene~ D= methyl naphthalen~,
6- dimethylnapthalene,F= phenanthrcnc (parent).



Reproducibilityof Iaser-InducedPyrograma: ~lysis of ‘WW ~lecular
Weight Peaks

Ftiak No. Area % (Uncorrected~ % Rel..Dev.

1 3.26+_ 0.17* 5.2

2 60.27 ~ 0.75 1.2

3 12.83 ~ 0.58 4.5

4 23.61? 0.52 2.2

Total Area (Counts) 10,801 ~ 3.200 29.6

,—

●1 Standard deviation. .,

Sample - Polymeric (PVC-PS)Tubing

Rndiation: 693 nm (Ruby)

is deposited into the sample. The type of data analysis, as shown in

Table 1, is quite dependent upon the number cf peaks observed. As that

number increases, the error in each peak influences the error in other

peaks and the total error increases. Although it has proven difficult to

sort out the errors caused by sampling problems from those duc to instru-

mental problems, data of adequate reproducibility is readily available.

Another problem with this iechnique results from the fact that some

smpleR do net efflcfeq.tlycc.up!ed:h 13se: :s~:o::o~. .k ~ClitiGfi~i~i~

viously, initial absorption is necessary for plaama gene~ation; should this

not cccur (as is the case, at times, with white crystalline solids), laser

pulsing results in no apparent product formation. This problem h~~ been

long recognizedand has been addressed using two approaches. Either the

saoplc has been placed upon a substrate that dots absorb [2] or absorbing

centers have been incorporatedin the sample [7] prior to analysis. The

flrmt of thebe approaches complicates the pyrolysis process by spreading

the pulse width of the thcrnml event. Adequate thermal conductivity❑ust

be maintained across the sample-substrateboundary as well. This technique

will probably seldomly be used. Xnitially, several studies appeared de-

scribing the use of carbon as a material to provide absorbing centers.

This approach markedly changes [21] the product distribution both in the

low molecular weight gas ensemble and in the thermal blow off f~agmentation

~roducts. More recently, it has been shown [22] thut powd~rcd nickel is a

sensibleway to incorporateabsorbing centers. One simply thoroughly mixes

nickel metal with Lhe sample of interest and then pyrolyzes. The resulting

pattern is not influenced by the addition of this type of absorbing center.
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This technique remves the one severe limitation of lauer-induced

pyrolysis.

It has been argued that high temperature distributions cnm be success-

fully frozen out of laser-induced plasmas [10]. Our data shows tha~ high

temperature,equilibrium thermodynamic distributions are found upon analy-

sis of the plasma-quenched ensemble of low molecular weight gaaes [16],

The implicationsof this fact are that,,titleast for simple systems, an

analysis of the concentrations of these gases gives a rapid and straight-

forward cha~acterizatlonof the sample. We have termed this Plasma Stoi-

chiomctricAnalysis (PSA) [22].

The basis of this technique la shown in Figure 3 for a binary mlecular

syete~hydrocarbona. We consider again laser induced heating to produce an

energetic plasma which is rapidly quenched, rapidly enough to freeze a high

temperaturedistribution. The plaama quenched ensemble consists 0[ a series

of low molecular weight gasea ranging in increasing hydrogen activity from

carbon though severfilhydrocarbons to hydrogen. If we select a temperature -

near 3500 K for tba “temperature?”of the q~~encheddistribution,we would

find that the major products should be C(g), hydrogen and acetylene. How-

ever this does not consider the atoichiumetry of the plasma but aasumes

unit activitiesof each element in that system. Acetylene Is a sensitive

Indicatcr of such plxz staichiemcer;. %rbcm-ti~li a~~~ema yi~id~ higil

fractionsof this gas. b the hydrogen fraction increasea, the acetylene

frsctlondecreases. Zn rigure 4, results are shown for the hydrocarbon

Fig. 3. Reprezmntatlonof Quenching Routes for Bincry Hydrocarbons:
Plasma StoichiometricAnalysis.
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Example of Plasma ScoichiometricAnalysis - the Blr,aryCase.
Percentage of acetylene in the 10U molecular gas en~&ble compared
to the molar H/C ra~io in s~le.

Phenanthrene
Terphenyl
Napthslene
l,2-diphenylethane
Polystyrene
Durene
parafffrl

The percentage of acetylene is shown plotted versus the hydrocarbon—-

to carbon ratio in the sample. The results are well predicted by assuming

a quenching “temperature”near 3500 K.

This temperaturemay be the maximum temperatureof the plasma. Unlike

other system manufactured in high vacuum, generation of a laser induced

plasma in helium gas (aa done here) could lead to decreaser!plasma temper-

atures. The temperature❑ay also be an indication of thr.energy of the

system at the firat instance that stab] chemical bonds f’orm. Following

that tj-c, the quenching process is rapid en.ugh to preclude additional

tran~formstion. In any case, ample svidence suggests that the low wlecu-

lar weight product distribution can be well predicted by equllitmium ther-

modynamics. And, conversely, using measured data of product distribution

and referring to generated data from chemical thermodynamics,one can de-

termine the nature of the sample.
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U1lLITY OF LASER PYROLYSIS

Consider now some of the applications of this technique. Polymer

characterizationhas been mentioned previously. Figure 5 shows results for

a series of quinoxalines, high temperature-stabilityorganic materials.

These results were accomplished by ruby pyrolysis. In each ce~e ir,itially

low molecular weight gases result from the plasma quenching process. Esch

of the qu.inoxalinesthen yields a highly characteristic fragmentationpat-

tern.
A

~ .JJ,O,
h’

o 24

B

.LK
mNtn

~---

0

Fig. 5. Representative Lasar Pyrograms Resulting from Ruby Deposition
into Temperature Stable Quinoxaline Compounds. First peak is un-
resolved ❑ixture of low molecular weight gases (plasma quenched
emcmble) followed by thermal blow off products.
Ccllumn: 10% Apiezon N on 60-80 ABS; 75-350”C, Carrier F1OW 20 ml
He/min.

A. 5,6-dimethyl-2,3-di (2-pyridyl)quinoxaline.
B. 1,4-di (2-qu~.noxalyl)benzene.
c. poly(2,2-(1,4-phenylene)-6,6-blsquinoxalinc)
D. 2,3-dimethylquinoxaline.

Laser pyrolysis has also been shown well suited for the characteriza-

tion of naturally occurring carboneous materials. Our studies concentrated

on oil shales from the Green River Formation in the Western United States

[23] . These shales are a Marlstone typr of rock incorporatingorganic ma-

terial ranging up to 15% by weight. The carbonaceous ❑aterial Is intimate-

ly associated with ❑ineral matter; these organics show a vast predominance

of aliphatic compounds upon retorting and a H/C ratio close to 1.6. Laser



pyrolysis on these materials results in a complex ❑ixture of products.

Consider only the low ❑olecular weight gaees aa shown in Figure 6. Here

resulte are shown for two simultaneous detectors. The FID, the lower trace,

shows a response for ❑ethane, acetylene and ethylene. The upper trace

nhows that the major products hydrogen and carbon monoxide are not neglectec.

by the FID. Efforts have concentrated on using these low molecular weight

gases for the need in oil shale characterizationcenter on rapid methods

to replace the time consuming Fischer assays.

,The first task is to develop a rapid ❑ethod to assay the material. The

carbon in these materials is of two types, organic carbon in the hydrocar-

bons and Inorganic, incorporatedas carbonates in the rock matrix. Free .

energy calculations suggest that as the hydrocarbon content increases, the

fsaction of et

Fig. 6.

lent found ?-nthe low molecular veieht ea

rlo
,,

.0

-L 11

s will increase

Laser pyrograme from Green River oil shale sample. Separation of
lW molecular weight gases. Upper trace- BILD detector; lower
trac-FID detector. Peak identification: a-H2, b=CO, c=CH4,
d=C02, C=C2H2, f=C2H4. Higher ❑olecular weight fragmenteare not
eluted in times shown here.
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0.2

OilYield,Galloneoil/tan

Fig, 7. Laser pyrolysis gas chromatographydata for Green River oil
shales. Comparison of the ratio of ethylenefacetylcne in the low
mlecular weight gas pyrolysis products to the measured (Fischcs
assay! oil yields.

accordingly [24]. Ttiis1s shown in Figure 7 whit?,shows

ethylene/acetyleneis a sensLtive measure of oil content

normalizing the data in this way, variations in pulse to

the ratio of

of the shale. By

pulse intensities

are minimized. Water is alao a pyrolysis product although analysis condi-

tions used in Figure 6 precluded the elution of that conpound. If one does

compare the intensity of the water peak and comparea that to known gravi-

metric values for that compound, data such as are shown in Figure 8 result.

Ukewise our studies have shown that these results predict H/C ratios in

these materials and can be used to distinguish between organic and iaor-

ganic carbon. Certainly each of these taska can be done by other methods;

some can be done more accurately by other methods. However, lpgc offers

a convenient,rapid method for characterizationof s~mples of this type.

Pyrolyai6 and quantification of these low molecular weight gas mixtures is

● taak that can be done in a few minutes, if not a few seconds. It haa

been recommended chat only the total hydrocarbon content be measured using

a hydrocarbonmonitor utilizing no prior separation. Certainly, if one is

simply after the oil.yield, this techniquewill give in a few seconds
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Figure 8, Laser pyrolysis-gaschromatographyanalysis of Green River Oil
Shalca: halysis of water content. Comparison of detector
(BILD) respunsc for intensity of water peak
conLent (gilllons/ton)in standard samples.

re.cultsthat compare favorablyin ~rccision with those

classical Fischer assay methods.

Studies have also been done on samples of coals.

compared to water

determinedwith

Table 2 shows the

coals considered for these investigation. Two lignitea were aclected,

two bitwninouacoala and one cubbituminoussample. Table 3 liate.analysis

of the low molecularweight gases, methane, acetylene, hydrogen and carbon

monoxide for these five coal samples and compares these data to calculated

values dctcrmincdaasuming the atomic ratio:,~aken Crom Table 2 and aasum-

ing a quenching te~erature of 3300 K. These calculations assume that the

‘aseous carbon ‘c(g)
) is quenched to a nonvolatile film in the pyrolysis

chamber and that the (CZH.) fragment combines with C2H2 to form acetylene

while H. couples to form H2 and to increase the yield of molecular hydrogeti.

The yields of methane are far higher than predicted. We a.eaumethat

this simply rcflecta the methane incorporatedin these coals, i.e., methane

predominatelyis a therwl blow off product. Since methane content of

these powdered mterials is highly dependent upon sample history, these

data probably are not suggestive of the rccthaneincorporated in the



, .
1

Table 2

Analysis of Coal Samples (UltimateAnalysis); Values Calculated on a
Moisture-free Basis

Sample
i N,lmber

1 2 3 4 5

Sample Lignite Subbitumlnous Lignite Bituminous Bituminous

“a ~Me=~nA ~11” ~6 Central Illinois ‘)6

Z Carbon 43.13 65.26 60.10 72.21 65.40

Z Ilydrogen 3.39 4.73 4.23 5.03 4.59

% Nitrogen 0.73 1.07 1.26 1.29 1.08

- X Chlarine 0.03 0.0”7 0.14 0.04 0.06

Z Sulfur 2.45 1.47 0.83 2.99 4.41

: Z Oxygen 11.96 12.78 14.60 9.60 8.65

ZAsh 38.26 14.62 18.04 8.84 15.C1

-—
Anslysis data ~upplled by Paul Weir Company, Chicagop Illinois.

Table 3 .

Plasm StoichiomeLricAnalysis - Comparison of ?4easuredLow F>leculnr
Wclqht Cases LO that Composition,Predicted at 3300 K on Five coal Samples
(All values in volume %)

Uetbane Acetylene

Smlplc, Mess. Calc. Hcas. Calc.

1 2.05%
-3 — ‘—-

1.36x1O 15.3 15.6

2 3.70 1.42x10-3 20.5 20.3

3 1.93 .1.30”.10-3 17.4 10.2

4 .3.05 1.46:10-3 22.1 23.7

5 3.83 1.45X10-3 22.0 23.4

Hydrogen

(H
2
+ u)

Meas. Calc—— —..>

44.5 46.1

46.6 46.7

50.2 47.8

51.4 47.2

45.4 47.0

Carbon ❑otioxide

(~@)

Mens. Calc.——.

22.9 26.4

20.9 21.5

25.1 25.9

17.i 16.2

21.7 15.0

original samples. However, they do su~gest that lpgc may be a rapid method

to analyze fresh coals for methane content. However the other calculated

values agree [avorablywith those found by experiment. Data for acetylene

yicld~ is shown in Figuru 9 which shows the calculated quantity of acetylcn~

compared to that found by experlmmt. The calculated quantity is a scnsl-

tive measure of the atomic composition of the original material. By refer-

ence to these data, one can ngain detcrmlnc the cl~mpositlonof this mater-

ial to learn the tl/C(atio, the methane content, the oxygen content. etc.

Thmc data clearly point to the validify uf plasma quenching calcul;ltions

and to the possibilit.lesof laser induced pyrolysis.
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Fig. 9. Comparison of the percentage acetylene measured in the low molecu-
lar weight gages resulting from lpgc on Five coal samples and that “
predicted from thermodynamic calculations nssuming the plasma 1s
quenched at 3300 K.

T’hcscdiscussions have cuncentratcdupon the applicationsof the

plaama quenched distribution. This has been dnnr. Much of ~he other work

covered here will stress the other uge of laser induced pyrolysis- genera-

tion 0[ characteristic molcculnr frafjmcnts.
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